Clinical studies indicate relationships between dental plaque, a naturally formed biofilm, and oral diseases. The crucial role of nonmicrobial biofilm constituents in maintaining biofilm structure and biofilm-specific attributes, such as resistance to shear and viscoelasticity, is increasingly recognized. Concurrent analyses of the diverse nonmicrobial biofilm components for multiparameter assessments formed the focus of this investigation. Comparable numbers of Actinomyces viscosus, Streptococcus sanguinis, Streptococcus mutans, Neisseria subflava, and Actinobacillus actinomycetemcomitans cells were seeded into multiple wells of 96-well polystyrene plates for biofilm formation. Quantitative fluorescence and confocal laser scanning microscopy (CLSM) examined the influences of dietary sugars, incubation conditions, ingredients in oral hygiene formulations, and antibiotics on biofilm components. Biofilm extracellular polymeric substances (EPS) were examined with an optimized mixture of fluorescent lectins, with biofilm proteins, lipids, and nucleic acids detected with specific fluorescent stains. Anaerobic incubation of biofilms resulted in significantly more biofilm EPS and extractable carbohydrates than those formed under aerobic conditions (P < 0.05). Sucrose significantly enhanced biofilm EPS in comparison to fructose, galactose, glucose, and lactose (P < 0.05). CLSM demonstrated thicker biofilms under sucrose-replete conditions, along with significant increases in biofilm EPS, proteins, lipids, and nucleic acids, than under conditions of sucrose deficiency (P < 0.05). Agents in oral hygiene formulations (chlorhexidine, ethanol, and sodium lauryl sulfate), a mucolytic agent (N-acetyl-L-cysteine), and antibiotics with different modes of action (amoxicillin, doxycycline, erythromycin, metronidazole, and vancomycin) inhibited biofilm components (P < 0.05). Multiparameter analysis indicated a dose-dependent inhibition of biofilm EPS and protein by chlorhexidine and sodium lauryl sulfate, along with distinctive inhibitory patterns for subinhibitory concentrations of antibiotics. Collectively, these results highlight multiparameter assessments as a broad platform for simultaneous assessment of diverse biofilm components.
Biofilms representing accumulations of microorganisms in a complex matrix have now been reported for diverse environments (3, 10, 12, 13, 25, 27) . Characteristics unique to biofilms include decreased susceptibilities to antimicrobial agents and biocides compared to those of planktonic organisms (10, 25) . Relationships between biofilms and the etiology of microbial infections (12) , including some forms of chronic and recurrent human disease (3), device-related infections, and treatment failures (11) , have been the subject of recent investigations. The human mouth, with its diverse niches and environmental changes, is well known for the unrestricted formation of natural microbial biofilms (3, 12, 25) . Oral biofilms are found on the tooth as dental plaque, both above and below the gum line, and on the surfaces of the tongue (25) .
Clinical oral microbiology has examined the microbial diversity of oral biofilms. Investigations of oral biofilms from subjects stratified on the basis of oral health have examined the relative distributions of microorganisms in health and disease (13, 25) . These efforts have been instrumental in elucidating the microorganisms in the diverse niches of the human mouth (11, 13, 25, 28) , the microbiology of oral diseases, and therapeutic strategies for their control (11, 25) . Analyses of the genes from oral bacteria associated with biofilms have been reported for several organisms (9, 15, 17, 30) , with molecular analyses of biofilm morphogenesis and maturation as areas of future research (10, 12) .
The analysis of bacteria found in biofilms (12, 13) has formed a significant focus of recent investigations. On the other hand, the nonmicrobial components of biofilms, which include the biofilm matrix, remain relatively unexplored (3, 10, 12, 14, 16, 24, 28) . Initial reports indicate the complexity of the biofilm matrix and its role in maintaining biofilm structure. For instance, biofilm matrix polysaccharides comprise a major portion of the biofilm (16) , serving as a three-dimensional skeleton (28) along with a number of other functions attributed to the biofilm matrix, such as viscoelastic properties and resistance to shear (3, 14) . The inherent dynamic aspects of the biofilm matrix, including the lack of appropriate techniques for analysis (16) , are some likely reasons for its incomplete analysis (10, 25) . Analyses of the matrix for specific constituents, in addition to their changes over time as related to biofilm morphogenesis and maturation, remain to be established (16) . A range of environmental variables, including solute and nutritional components, along with intrinsic factors such as the diversity of microorganisms in the biofilm and their cellular processes, reportedly influence biofilm components (3, 28) .
The focus of this investigation was the development of procedures for an examination of the diverse nonmicrobial components of a polymicrobial biofilm comprising several oral bacteria. The overall recognition of the nonmicrobial components as integral elements of biofilms (28) provided the rationale for this investigation. Fluorescent lectins were utilized as probes to examine the extracellular polymeric substances (EPS) of a multispecies oral biofilm. Other nonmicrobial biofilm components were investigated with fluorescent dyes specific for lipids, proteins, and nucleic acids. These procedures facilitate rapid analysis followed by confocal laser scanning microscopy (CLSM). Optimum conditions for reproducible simultaneous assessment of each biofilm component for multiparameter analyses were established. A range of studies determined the influences of different concentrations of common dietary sugars and media and of incubation conditions. Multiparameter assessments examined the influences of ingredients found in oral hygiene formulations, including antimicrobial agents and antibiotics, on biofilm components.
MATERIALS AND METHODS
Bacteria and chemicals. Bacterial strains for biofilm studies included oral bacteria (Actinomyces viscosus ATCC 43146, Streptococcus sanguinis ATCC 10557, Streptococcus mutans ATCC 33402, Neisseria subflava 49275, and Actinobacillus actinomycetemcomitans ATCC 29522) and Pseudomonas aeruginosa 9027. All strains were obtained from American Type Culture Collection (ATCC), Manassas, Va. Bacteriological media were obtained from Becton-Dickinson, Sparks, Md., and prepared in accordance with the manufacturer's recommendations. Trypticase soy broth supplemented with 0.6% yeast extract (TSB-YE) was prepared for routine bacterial growth. Buffers and chemicals, including antibiotics for tests, were reagent grade or better and routinely obtained from Sigma Chemical Company, St. Louis, Mo., unless indicated otherwise. Fluorescent lectins concanavalin A (ConA) and wheat germ agglutinin (WGA) labeled with Alexa fluor 488 were obtained from Molecular Probes, Eugene, OR. Other fluorescent dyes obtained from Molecular Probes included Syto-60 and Syto-84 to stain nucleic acids and Sypro red and Nile red to stain proteins and lipids, respectively. The fluorescent dyes along with excitation and emission filters chosen for analyses are shown in Table 1 . Stock solutions of antibiotics (amoxicillin, doxycycline, erythromycin, metronidazole, tetracycline, and vancomycin) were prepared as described previously (6, 19, 21, 22) . Other agents obtained from Sigma Chemical Co. included the mucolytic agent N-acteyl-L-cysteine, a 20% aqueous solution of chlorhexidine (CHX), and sodium lauryl sulfate (SLS). A stock solution of 5% SLS was prepared in sterile phosphate-buffered saline (PBS) and filter sterilized (0.2-m syringe filters; Corning, Acton, MA) prior to use. Stock solutions of aqueous solutions (5 to 20%) of sugars (fructose, galactose, glucose, lactose, and sucrose [Sigma Chemical Co.]) were prepared when required and filtered through a 0.2-m filter prior to use. TSB-YE was reconstituted aseptically with the appropriate volume of each sugar stock solution as required for each study.
Growth of microbial biofilms. (i) Preparation of saliva-coated 96-well plates. Volunteers for saliva collection were healthy adults (two males and three females; age range, 28 to 48 years) who had no history of prescription medications and antibiotics in the preceding 3 months. Subjects selected for saliva collection were instructed on the study design, with all aspects of the study conducted in accordance with procedures well accepted for human subjects. Selected volunteers were provided a commercially available fluoride dentifrice and a softbristled toothbrush for their routine oral hygiene and discontinued the use of all other oral hygiene formulations for 1 week prior to the start of their scheduled saliva collection. Procedures for collection of whole saliva from subjects were done in accordance with previously described procedures (7, 20) . In brief, subjects chewed on paraffin wax, and the saliva (20 to 50 ml) collected from each subject was pooled and centrifuged (8,000 ϫ g for 10 min) to obtain clarified saliva and then stored at Ϫ20°C prior to use (7, 20, 24) . Clarified saliva (0.1 ml) was added to each well of a 96-well plate (Becton Dickinson, Sparks, MD) and incubated overnight at 37°C to coat the wells and form salivary pellicles. Salivary pellicle-coated plates were rinsed twice with PBS (0.1 ml per well) prior to the addition of the microbial mixture described below for biofilm formation.
(ii) Procedures for microbial biofilms. Oral bacteria (Actinomyces viscosus, Streptococcus sanguinis, Streptococcus mutans, Neisseria subflava, and Actinobacillus actinomycetemcomitans) were routinely cultivated in TSB-YE supplemented with 0.2% sucrose under anaerobic conditions in a BBL GasPak Plus (BBL, Sparks, MD) at 37°C as described previously (6, 9, 17) . Overnight cultures were diluted to an optical density at 610 nm of 0.1 Ϯ 0.02 (between 10 7 and 10 7.4 CFU/ml for each strain) in fresh TSB-YE supplemented with 0.2% sucrose. Equal volumes of the strains were mixed to obtain a stock mixture. A 0.1-ml volume of this microbial mixture was added to multiple wells of a salivary pellicle-coated 96-well plate. This provided replicate samples of biofilms for each treatment. The bacteria were allowed to adhere to the plates for 3 h at 37°C under anaerobic conditions. Next, the medium in these plates was replaced with 0.2 ml fresh medium (TSB-YE plus 0.2% sucrose). Plates were incubated for 24 h at 37°C under anaerobic conditions for biofilm formation. The medium in these plates was replaced and allowed to incubate for a further 24 h under anaerobic conditions. After 48 h of incubation, each well was rinsed three times with 0.2 ml PBS per wash, and the plates were analyzed as described below. Procedures for biofilm formation were modified for studies that examined the effects of aerobic incubation, the effects of medium strength, and the effects of different sugars or inhibitory agents on biofilm formation. To determine the effects of different media, biofilms were allowed to form in TSB-YE plus 0.2% sucrose or in medium diluted to concentrations of 50%, 25%, and 12.5% by the addition of sterile water. The effects of sugars on biofilm formation were examined by supplementing TSB-YE to a final concentration of 0.2% with aqueous solutions of sugars filtered through a syringe filter as described above. Medium with the required concentration of each sugar was prepared as needed prior to use. The activities of antimicrobial agents were elucidated following a 30-min exposure of 48-h-old biofilms or following the incorporation of antimicrobials into the medium during the 48-h period of biofilm formation (4, 6) .
MICs. MICs were determined as described by CLSI (formerly NCCLS) (19) , with minor modifications. Stock solutions of amoxicillin, doxycycline, erythromycin, metronidazole, vancomycin, and N-acteyl-L-cysteine had concentrations of 1.2, 3.125, 3.125, 2.5, 6.25, and 25 mg/ml, respectively, and were prepared as described previously (19, 22) . The agents were serially diluted in 96-well microtiter plates in TSB-YE prior to incubation with bacterial cultures diluted to an optical density at 610 nm of 0.1. MIC results were recorded after 48 h of anaerobic incubation. The MICs for oral bacteria are shown in Table 2 . This procedure was also utilized to examine the effects of chlorhexidine and SLS.
Fluorescence assessments of biofilms. (i) Fluorescence quantitation by microplate analysis. A stock solution (2.5 mg/ml) of each fluorescent lectin (ConA and WGA) prepared in PBS was diluted to a working solution comprising 250 g/ml of each lectin for tests. Solutions of each lectin ranging from 0 to 250 g/ml were utilized in tests to identify the optimal concentrations of lectins for examining biofilms. The optimal concentrations of lectins were determined by a response surface analysis that utilized a central composite design optimal concentration of 125 g/ml of each lectin was chosen as the concentration for further studies. Fluorescent lectins (50 l) were added to each well of a 96-well plate and incubated with biofilms or salivary pellicles at room temperature for 30 min to stain. Plates were washed three times with 0.2 ml sterile water per wash. Fluorescence was quantified in a Cytofluor series 4000 (PerSeptive Biosystems, Framingham, MA) plate reader. Excitation and emission settings for experiments are shown in Table 1 .
The fluorescent stains used for the assessment of proteins, lipids, and nucleic acids were Sypro red, Nile red, and Syto-84, respectively. Their excitation and emission settings are shown in Table 1 . Sypro red was diluted 1:500 in 50 mM Tris-1 mM EDTA, pH 7.5, for staining. Nile red and Syto-84 were diluted in 10 mM Tris-1 mM EDTA, pH 8.0, to obtain final concentrations of 20 M of Nile red and 10 M of Syto-84. Diluted stains (50 l) were added to each well of a 96-well plate and allowed to incubate with biofilms for 30 min at room temperature. Stained biofilms were washed three times with sterile water for fluorescence quantitation. In some instances, biofilms were stained with dual dyes. For these studies, biofilms were initially stained with the first stain (lectins or Syto-84 for 30 min) and then washed three times with sterile water prior to staining with the second stain (Syto-84 or lectins for 30 min).
(ii) Confocal microscopy. A Carl Zeiss model 410 CLSM (Thornwood, NY) with lasers at 488, 568, and 647 nm was utilized to examine biofilms grown on 96-well plates. Procedures and concentrations of fluorescent dyes for staining biofilms for CLSM with lectins, Sypro red, and Nile red were as indicated previously for studies with the fluorescence microplate reader. Syto-60, a nucleic acid stain, was chosen to comply with filter combinations available for CLSM and diluted in 50 mM Tris-1 mM EDTA, pH 7.5, to a working concentration of 10 M. For staining, 50 l of the working solution of Syto-60 was added to each well and incubated for 30 min at room temperature. Syto-60 enabled simultaneous assessments of biofilms stained with two dyes. Lasers for excitation and filter combinations for CLSM are shown in Table 1 . Hydrated biofilms in 96-well plates stained with the appropriate dyes (as described for fluorescence microplate analysis) were mounted on a CLSM microplate adapter for xy analysis at a magnification of ϫ20. The xy analysis provided surface coverage of the biofilm. Additional z section analyses, performed by sectioning the biofilm, determined the depth of the biofilm and its topography.
Estimation of biofilm carbohydrates. Biofilm carbohydrates were determined by the phenol-sulfuric acid method as described previously (5, 27) . In brief, deionized water (40 l) and a 5% phenol solution (40 l), followed immediately by 95 to 97% sulfuric acid (200 l), were added to each well of a 96-well plate. Plates were incubated at room temperature for 30 min, and the amount of carbohydrate was estimated by measuring the absorbance at 490 nm in a microplate reader (Bio-Tek ELX800 absorbance microplate reader; Bio-Tek Instruments, Inc., Winooski, VT).
Statistical analyses. Statistical analyses were conducted with replicate samples by using JMP software (SAS Institute, Cary, NC). The binding of fluorescent lectins to microbial biofilms and salivary pellicles was compared by Student's t test. The effects of different sugars, incubation conditions, and inhibitory agents on biofilms were examined by one-way analysis of variance with post hoc analysis by the Dunnett multiple comparison test, with statistical significance reported for P values of Ͻ0.05.
RESULTS
Development of a method for examining biofilm EPS. Human saliva comprises a range of components, including those derived from the host, that coat oral surfaces and form the salivary pellicle (12, 13, 25) . The salivary pellicle provides sites for subsequent growth of the oral microbial biofilm (25) . A response surface optimization experimental design determined the optimal concentrations of lectins (ConA and WGA) and mixtures of these lectins for biofilm binding. The design tested lectin concentrations that ranged from 0 to 250 g/ml for each lectin. Average results from 48 wells (Fig. 1 ) indicated more lectin binding on biofilms than on the salivary pellicle by t test analysis (P Ͻ 0.00001). Decreasing concentrations of lectins resulted in less fluorescence. An optimal response was observed with a lectin mixture comprising 125 g/ml of each lectin (data not shown), and this mixture was selected for further tests. In control studies, incubation of the selected concentration of lectins (125 g/ml) in 96-well plates without salivary pellicles and on plates coated with bacteriological medium resulted in low background fluorescence responses (rang- Effects of medium concentration and microbial growth conditions on biofilm components. (i) Influence of medium concentration and incubation conditions. A variety of factors, such as sugars, dietary constituents, and environmental conditions, influence the growth of oral microorganisms (13, 25) . The influences of these factors were determined in concurrently conducted experiments that examined the effects of incubation and growth conditions on biofilm EPS by fluorescence lectin analysis and biofilm carbohydrate determinations. An additional rationale for these studies was to relate the EPS results with those for biofilm carbohydrates. For these studies, bacteriological medium (TSB-YE plus 0.2% sucrose) was diluted with sterile water to test the effects of four medium concentrations (100%, 50%, 25%, and 12.5%) on biofilms. Biofilms (12 replicates each) were allowed to form at each medium concentration under either aerobic or anaerobic conditions and were analyzed for EPS and biofilm carbohydrates by the phenol-sulfuric acid method ( Fig. 2A and B) . Anaerobic conditions and undiluted medium resulted in the highest levels of EPS and biofilm carbohydrates in comparison to all other medium concentrations tested (P Ͻ 0.05). Biofilms formed at decreasing concentrations of medium resulted in corresponding reductions in EPS and biofilm carbohydrates (P Ͻ 0.05). Differences between anaerobic and aerobic incubation conditions were evident in full-strength medium for both EPS and biofilm carbohydrates (P Ͻ 0.05). At all medium concentrations tested, more biofilm EPS were observed with biofilms formed under anaerobic conditions than with those formed with aerobic incubation (P Ͻ 0.05). Although significant differences in biofilm carbohydrates were observed between the two incubation conditions for undiluted medium (P Ͻ 0.05), these differences were insignificant at all other medium concentrations tested.
Pseudomonas aeruginosa represents the paradigm organism for biofilm studies (3, 12) . Therefore, we analyzed lectins and carbohydrates of P. aeruginosa biofilms (quadruplicate samples) grown under aerobic and anaerobic conditions (27) at full strength and decreasing concentrations of medium. Aerobic incubation resulted in more biofilm EPS and carbohydrate than did anaerobic incubation (P Ͻ 0.05) in full-strength medium. At lower medium concentrations, corresponding reductions in biofilm EPS and carbohydrate were observed under aerobic conditions (data not shown).
(ii) Effects of sugars. Common sugars are prevalent in the daily diet, and clinical studies have indicated their influences on the dental plaque biofilm, their cariogenic potential, and their effects on oral health (2, 13, 25) . Therefore, the effects of sugars (fructose, galactose, glucose, lactose, and sucrose) at a 0.2% final concentration on biofilm EPS were studied. Results from quadruplicate samples demonstrated a significant increase in lectin binding among biofilms grown in the presence of 0.2% sucrose compared to that in the presence of all other sugars tested (data not shown) (P Ͻ 0.05). The other sugars significantly enhanced biofilm EPS in comparison to the control without any sugar (data not shown) (P Ͻ 0.05).
Multiparameter analysis of biofilms. (i) Fluorescence analysis of biofilm components. Multiparameter assessments examined biofilms grown in the presence or absence of 0.2% sucrose. The studies examined several biofilm parameters simultaneously. Results for 12 replicates (Fig. 3A) indicated significantly higher fluorescence responses (Ͼ3-fold) for EPS, lipids, nucleic acids, and proteins from biofilms grown in the presence of sucrose than for those from corresponding biofilms grown in the absence of sucrose (P Ͻ 0.05). The usefulness of these assays for the simultaneous examination of two biofilm components was investigated further. Figure 3B shows the results for biofilms stained for two components, i.e., EPS and nucleic acids. In this case, biofilms (12 replicates) were initially stained for EPS or nucleic acids and subsequently stained for nucleic acids or EPS, respectively. The results indicate fluorescence from the first stain and demonstrate significantly larger amounts of EPS and nucleic acids in the presence of sucrose (P Ͻ 0.05). The ability of sucrose to enhance biofilm components in the dual-stain studies was comparable to that obtained in the single-stain studies. Interestingly, dually stained biofilms grown in the presence of sucrose produced more nucleic acid fluorescence. Other combinations of dyes were not feasible due to the spectral properties of the selected probes. In mul- A staining procedure with crystal violet finds wide application in the examination of biofilms produced by a variety of bacteria (3) . Therefore, studies utilizing the crystal violet procedure (9, 17) evaluated 24 replicates grown in the presence or absence of sucrose (Fig. 3C) in comparison to the fluorescence-based multiparameter approaches described above. As described above, sucrose-replete conditions resulted in significantly more (2.5-fold) crystal violet staining than did sucrose deficiency (P Ͻ 0.05). Therefore, the results indicate that the multiparameter approaches corroborate results obtained by the widely used crystal violet procedure. However, in the presence of sucrose, the fluorescence-based multiparameter analyses demonstrated a Ͼ3-fold increase in biofilm components, in contrast to the 2.5-fold increase noted by the crystal violet procedure.
(ii) Analysis of biofilm components by CLSM. Biofilms grown in 96-well plates in the presence or absence of sucrose were stained for each biofilm component for CLSM analysis. CLSM xy analyses provided biofilm surface coverage and indicated more uniform biofilm EPS with sucrose-supplemented medium (Fig. 4) than those in biofilms grown in the absence of sucrose (Fig. 4B) . These results corroborate the increase in biofilm EPS by sucrose shown in Fig. 3 . CLSM z-section analyses ( Fig. 4C and D ) demonstrated thicker biofilms (Ϸ200 m) in the presence of sucrose (panel C) than in the absence of sucrose (Ϸ100 m) (panel D), as indicated by the depth markers in Fig. 4A and B. CLSM z sections also provided surface coverage of the biofilms. As shown in Fig. 4B , sucrose deficiency resulted in patchy biofilms. In the presence of sucrose, CLSM assessments also indicated an enhancement in the thickness and uniformity of other biofilm components, i.e., lipids, proteins, and nucleic acids (data not shown). The spectral properties of the selected dyes facilitate CLSM assessments to colocalize biofilm lipids and nucleic acids or biofilm proteins and nucleic acids (data not shown). In all of these analyses, the selected dyes demonstrated uniform staining throughout the entire thickness of the biofilm and allowed for three-dimensional biofilm assessments.
(iii) Multiparameter effects of antimicrobial agents on oral biofilm components. The attributes unique to biofilms include relative resistance to inhibitory agents in comparison to that of planktonic cells (10, 12, 22, 25) . Therefore, the influence of antimicrobial agents on the components of oral biofilms was studied. The effects of different concentrations of CHX and SLS on biofilm EPS and proteins (with these agents added to the medium during the 48-h period of biofilm formation) are shown in Fig. 5A and B, respectively. The results from triplicate samples indicated that increasing concentrations of either CHX or SLS resulted in corresponding increases in inhibition of biofilm EPS and proteins (P Ͻ 0.05). The least inhibition of biofilm EPS was noted with CHX at a concentration of 0.001% and was not significantly different from that of the control (P Ͼ 0.05). The inhibitory effects of these agents on biofilm proteins were considerably greater than those on biofilm EPS. As seen with biofilm EPS, dilution of CHX also resulted in a corresponding decrease in the inhibition of biofilm proteins. The inhibitory effects of different concentrations of SLS on biofilm components were more prominent than those noted with CHX. Similar procedures were used to examine the effects of different concentrations of ethanol (0.15%, 0.31%, 0.62%, 1.25%, 2.5%, 10%, and 20%) on biofilm components. Significant effects were observed with 20% ethanol compared to the untreated control (P Ͻ 0.05) (data not shown). Concentrations of ethanol below 20% did not demonstrate significant inhibition (P Ͼ 0.05) (data not shown).
Another set of studies examined the effects of antibiotics on biofilm components. The MICs for oral strains are presented in Table 2 . Whereas the MIC is used to define therapeutic strategies, concentrations of antibiotics below the MIC are prevalent during the therapeutic regimen. Therefore, studies have examined the effects of sub-MIC antibiotic doses on bacteria, including effects on bacterial surface properties, such as inhibition of bacterial adhesion and biofilm formation (1, 4, 8) . Multiparameter effects of antibiotics with different modes of action (amoxicillin, doxycycline, erythromycin, and vancomycin) at one-fourth the MIC were elucidated. The results (Fig.  6 ) from quadruplicate samples indicated that the addition of one-fourth the MIC during the 48-h period of biofilm formation led to significant reductions of the residual biofilm components (presented as percentages of the amounts in the untreated controls) versus those in untreated biofilms (P Ͻ 0.05). Amoxicillin demonstrated little inhibition of biofilm EPS, proteins, and lipids, in contrast to the other antibiotics. Vancomycin demonstrated similar inhibition of three biofilm components. Doxycycline, on the other hand, demonstrated more inhibition of nucleic acids than of proteins, lipids, or EPS. Erythromycin demonstrated greater inhibition of proteins than did the other antibiotics. Similar effects were observed at onehalf and one-eighth the MIC with these antibiotics (data not shown). Metronidazole (at all concentrations serially diluted from 2.5 mg/ml) was ineffective in MIC tests and did not result in biofilm inhibition (P Ͼ 0.05) (data not shown). The muco- A separate series of studies assessed the effects of a 30-min treatment with a range of agents on biofilm EPS. Neither treatments with amoxicillin, erythromycin, doxycycline, metronidazole, and vancomycin at their MICs nor treatments with different concentrations of ethanol (0.15% to 20%), chlorhexidine (0.001% to 0.15%), or sodium lauryl sulfate (0.125% to 1%) resulted in any significant reduction of biofilm components compared to untreated controls (data not shown).
DISCUSSION
The primary goal of this investigation with biofilms formed by several oral bacteria included the development of procedures for simultaneous assessment of the nonmicrobial constituents of biofilms for multiparameter analysis. An additional objective was to utilize these procedures to study the effects of common sugars, growth conditions, and antimicrobials on biofilm components. For these studies, analyses of biofilm components were accomplished by fluorescence-based quantitation and by CLSM. CLSM has found wide application for the investigation of hydrated biofilms (3, 12) and the examination of the overall structures of unstained oral biofilms (23) and the extracellular matrix (14, 18, 29) .
Lectins derived from diverse sources demonstrate specificities for carbohydrate targets with affinities that resemble those of antigen-antibody interactions (16, 27) . This unique property of lectins has been used previously to analyze microbial biofilms. For instance, previous reports demonstrated the utility of fluorescent lectins comprising ConA and/or WGA to examine biofilms of P. aeruginosa (27) , Escherichia coli (18) , and microbial isolates from food manufacturing facilities (16) , as well as biofilms grown in river water (14) . The binding specificities of ConA and WGA are well described in the literature and include affinities for mannopyranosyl and glucopyranosyl residues for ConA and sialic acid and N-acetylglucosamine for WGA. An optimal concentration of fluorescent ConA and WGA was selected on the basis of a surface response experimental design that tested several concentrations of each lectin. Lectins bound microbial biofilms at significantly higher levels than those for the salivary pellicle. Fluorescent dyes for the localization of glycoconjugates, proteins, lipids, and nucleic acids in oral biofilms were based on previous reports (14) . Optimal concentrations of lectins and fluorescent dyes demonstrated significant staining of biofilms with low background fluorescence.
Environmental changes prevalent in the human mouth include alterations in osmolarity, pH, ionic strength, and specific nutrients (10, 12, 13, 15, 26) that serve as cues for the initiation and subsequent steps of biofilm formation (13, 25) . The influences of different environmental and nutritional conditions on biofilm components were examined. Anaerobic conditions led to more biofilm EPS than did aerobic conditions, which was comparable to previous observations in Streptococcus gordonii and Streptococcus parasanguinis (9, 17) . As a control, the effects of environmental and nutritional alterations on biofilm EPS were elucidated in parallel with quantitation of biofilm carbohydrate by the phenol-sulfuric acid procedure. Although similarities were observed between biofilm EPS estimations and biofilm carbohydrate analysis, biofilm EPS determinations provided significant discrimination under the conditions tested. The influences of ionic strength on biofilm components were not evident under the conditions tested.
Among dietary sugars, sucrose enhances biofilm EPS the most, with lesser effects noted for fructose, galactose, glucose, and lactose. Laboratory studies demonstrated the cariogenic properties of sucrose and its influences on the enhancement of insoluble glucans and biofilm formation among oral streptococci (13, 25) . Correspondingly, in clinical studies, dental plaques revealed alterations in matrix proteins along with increases in insoluble glucans among human subjects provided sucrose (2) . All biofilm components (EPS, proteins, lipids, and nucleic acids) were enhanced under sucrose-replete conditions. CLSM studies corroborated these observations, with thicker biofilms observed in the presence of sucrose, with larger amounts of EPS, nucleic acids, lipids, and proteins than those observed for sucrose deficiency. Quantitative fluorescence-based assessment of biofilm components demonstrated a Ͼ3-fold difference between biofilms grown in the presence and absence of sucrose. In contrast, an approximately 2.5-fold difference was observed by the widely used crystal violet analysis method (9, 17) . Therefore, the reported fluorescence assessments provided larger differences than did the crystal violet procedure. Future studies will include investigations of the effects of simulated daily intake of food, dietary supplements, or specific nutritional factors on biofilm components. Another feature of these procedures is dual staining to examine EPS and nucleic acids for microplate fluorescence analysis and to colocalize lipids and nucleic acids or proteins and nucleic acids by CLSM due to the differences in fluorescence spectra of the selected dyes. Pseudomonas aeruginosa, a nonoral organism, represents the paradigm bacterium for biofilm studies (12, 27, 28) . Studies that assess biofilms of P. aeruginosa, including the commonly used crystal violet procedure, to estimate biofilm mass and biofilm carbohydrate are available. We included a few studies with P. aeruginosa to assess our procedures in relation to published observations. Our results with this bacterium corroborate with previous observations with P. aeruginosa.
Differences in the susceptibilities of planktonic and biofilm bacteria to antimicrobials remain an area of significant importance (10) in developing therapies for biofilm-mediated diseases. Data from bacterial viability analyses are commonly presented as the MICs or subinhibitory concentrations of antibiotics and antimicrobials (1, 4, 6, 8, 21) . This investigation is the first to examine the simultaneous effects of antimicrobials on multiple biofilm components. Two types of studies were conducted. In the first series of studies, mature biofilms were treated for 30 min with the MICs of antibiotics. This resulted in negligible effects on biofilm components and corroborated earlier reports indicating modest effects of antibiotics on the bacteria of biofilms (4, 6, 10, 21, 25) . In the second series of studies, significant reductions among biofilm components were observed when biofilms were allowed to form over a 48-h period in the presence of either the MICs or sub-MIC doses of agents. A relationship between the MIC and the inhibition of biofilm components was apparent for the antibiotics (amoxicillin, doxycycline, erythromycin, and vancomycin) and other agents (ethanol and N-acteyl-L-cysteine) tested. With SLS and CHX, a dose-dependent relationship between the concentration of agent and the inhibition of biofilm EPS and proteins was noted. Erythromycin demonstrated more inhibition of biofilm proteins than did doxycycline. At sub-MIC levels, amoxicillin, with its effects on cell wall synthesis, demonstrated lesser inhibitory effects on nucleic acids than did vancomycin and doxycycline. The effects of doxycycline were approximately the same for biofilm lipids and proteins as those for nucleic acids. Vancomycin, with its effect of increasing cell wall permeability and its inhibitory effects on cell wall and RNA synthesis, resulted in a similar inhibition of three biofilm components.
Together, these results demonstrate the contrasting effects of the tested antibiotics on biofilm components for multiparameter assessments. These approaches will facilitate further characterization of the modes of action of agents (22) and the development of new therapeutic strategies for biofilm mitigation.
In conclusion, a broad platform utilizing fluorescence-based approaches to quantify selected biofilm components from mixed-species oral biofilms is presented. The procedures are amenable for routine use to examine the effects of several exogenous agents on biofilm components and future automation. Additional efforts indicate that the procedures are appropriate for ex vivo analysis of biofilms formed in the human mouth and on hydroxyapatite disks (data not shown). Together, the approaches form a broad platform useful for both laboratory efforts and clinical investigations to examine the kinetics of biofilm growth, effects of specific therapies for mode-of-action studies, influences of dietary factors, and differences in oral biofilms from subjects stratified on the basis of oral health.
